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A B S T R A C T   

Poly(ethylene glycol) (PEG) is a prominent synthetic polymer widely used in biomedicine. Despite its notable success, recent clinical evidence highlights concerns 
regarding the immunogenicity and adverse effects associated with PEG in PEGylated proteins and lipid nanoparticles. Previous studies have found a neutral helical 
polypeptide poly(γ-(2-(2-(2-methoxyethoxy)ethoxy)ethyl L-glutamate), namely L-P(EG3Glu), as a potential alternative to PEG, displaying lower immunogenicity. To 
comprehensively assess the immunogenicity, distribution, degradation, and biosafety of L-P(EG3Glu), herein, we employ assays including enzyme-linked immuno-
sorbent assay, positron emission tomography-computed tomography, and fluorescent resonance energy transfer. Our investigations involve in vivo immune responses, 
biodistribution, and macrophage activation of interferon (IFN) conjugates tethered with helical L-P(EG3Glu) (L20k-IFN), random-coiled DL-P(EG3Glu) (DL20k-IFN), 
and PEG (PEG20k-IFN). Key findings encompass: minimal anti-IFN and anti-polymer antibodies elicited by L20k-IFN; length-dependent affinity of PEG to anti-PEG 
antibodies; accelerated clearance of DL20k-IFN and PEG20k-IFN linked to anti-IFN and anti-polymer IgG; complement activation for DL20k-IFN and PEG20k-IFN but 
not L20k-IFN; differential clearance with L20k-IFN kidney-based, and DL20k-IFN/PEG20k-IFN accumulation mainly in liver/spleen; enhanced macrophage acti-
vation by DL20k-IFN and PEG20k-IFN; L-P(EG3Glu) resistance to proteolysis; and safer repeated administrations of L-P(EG3Glu) in rats. Overall, this study offers 
comprehensive insights into the lower immunogenicity of L-P(EG3Glu) compared to DL-P(EG3Glu) and PEG, supporting its potential clinical use in protein conjugation 
and nanomedicines.   

1. Introduction 

Poly(ethylene glycol) (PEG) is a synthetic polymer widely used for 
versatile biomedical applications ranging from surface coating, nano-
particle functionalization, protein conjugation (i.e. PEGylation), to 
vaccine and drug excipients [1–3]. Its remarkable versatility owes much 
to its highly hydrated and conformationally flexible nature, primarily 
harnessed for stealth and antifouling purposes. This involves reducing 
non-specific adsorption, prolonging blood circulation, and mitigating 
unwanted immune responses. The success of PEG is manifested by the 
clinical approval of more than a dozen PEGylated drugs, mostly pro-
teins/peptides, and very recently, the COVID-19 mRNA vaccine 

delivered by the PEG-functionalized lipid nanoparticles (PEG-LNPs) 
[4–7]. However, amid these commendable accomplishments, the past 
two decades have witnessed mounting concerns regarding the chronic 
toxicity and emerging immunogenicity of PEG [8–12]. One significant 
issue pertains to the accumulation of nondegradable PEG, which has 
been linked to vacuolization of macrophages and epithelial cells in 
various tissues, including the kidneys and spleen [13,14]. Additionally, 
PEG, acting as a hapten, has been shown to induce the production of 
anti-PEG antibodies when attached to carriers like proteins or LNPs 
[15]. The presence of these anti-PEG antibodies can lead to mild allergic 
reactions or even life-threatening anaphylaxis [16–19], and can accel-
erate the clearance of PEG-containing materials from the bloodstream, 
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known as the “accelerated blood clearance” (ABC) effect [20–23]. A 
pertinent example is Pegloticase, a heavily PEGylated uricase used in 
chronic gout treatment, which triggered anti-PEG antibody formation in 
over 80 % of patients, resulting in a response rate of less than 50 % after 
repeated administrations [24]. Compounding these concerns is the 
widespread use of PEG in everyday products such as shampoos, tooth-
paste, and cosmetics. This has led to the detection of preexisting 
anti-PEG antibodies in healthy individuals, with the percentage of 
anti-PEG positive populations rising from under 0.1 % in the 1980s to 
over 40 % by 2014 [18,25]. An alarming clinical survey has also indi-
cated a strong correlation between increased systemic side effects of 
COVID-19 LNP-mRNA vaccines and the titers of anti-PEG antibodies, 
showing a significant increase of 70.9-fold and 377.1-fold for IgG and 
IgM, respectively [26]. While further research is required to establish 
the cross-reactivity of these antibodies with other PEGylated products, 
the urgency and significance of identifying PEG alternatives cannot be 
understated. 

Various synthetic polymers and recombinant biopolymers have 
emerged as promising substitutes for PEG, achieving varying degrees of 
success [27–48]. Among them, we focus on synthetic polypeptides (a.k. 
a. poly(amino acid)s) made by the ring-opening polymerization (ROP) of 
α-amino acid N-carboxyanhydrides (NCA) [49–51]. The appeal of 
polypeptides lies in their inherent biodegradability and diverse 
side-chain functionalities. Furthermore, the ability to readily tune their 
secondary structures adds another layer of versatility [52,53]. Recent 
strides have been made in developing polypeptides that exhibit superior 
antifouling properties and reduced immunogenicity compared to PEG. 
This has been observed in scenarios involving protein-polymer conju-
gates and bulk hydrogels [54–64]. Notably, the introduction of a neutral 
α-helical polypeptide, poly(γ-(2-(2-(2-methoxyethoxy)ethoxy)ethyl 
L-glutamate), namely L-P(EG3Glu), for conjugation with human inter-
feron-α2b (IFN) or human growth hormone (GH) resulted in signifi-
cantly inhibited generation of both anti-protein and anti-polymer 
antibodies [60,65]. Intriguingly, the analogous random-coiled poly 
(γ-(2-(2-(2-methoxyethoxy)ethoxy)ethyl DL-glutamate) (DL-P(EG3Glu)), 
possessing the same side chain and an equivalent number-average molar 
mass (Mn), failed to confer the same degree of immunogenicity mitiga-
tion as the helical L-P(EG3Glu). 

However, the immunogenicity of polypeptides with distinct sec-
ondary structures has yielded inconclusive and sometimes controversial 
outcomes. Early studies suggested that left-handed helical polypeptides 
constructed from D-configurated glutamate, alanine, and tyrosine were 
less immunogenic compared to their enantiomeric counterparts 
composed of L-amino acids [66]. Some researchers attributed the 
diminished immunogenicity of these D-polypeptides to the absence of an 
in vivo proteolytic degradation mechanism [67]. Conjugation of DL-po-
lyalanine was reported to improve pharmacokinetics and reduce 
immunogenicity of asparaginase, but antibodies against DL-polyalanine 
were not examined [68]. Conversely, conflicting findings have been 
reported, with antiserum of DL-polyalanine-BSA conjugates reportedly 
recognizing D-polyalanine but not L-polyalanine [69]. More recently, 
implants based on DL-polyserine were found low immunogenic and 
evoked minimal foreign body reactions (FBR) [70]. Given these dis-
crepancies, rigorous experimental investigations with well-designed 
control groups are imperative to offer fresh insights into the immuno-
genicity of polypeptide secondary structures and chirality. 

In this study, a series of site-specific polymer-IFN conjugates serve as 
a model system to delve into the underlying causes of the mitigated 
immunogenicity effects observed with helical L-P(EG3Glu) in compari-
son to the unstructured DL-P(EG3Glu) and PEG. To achieve this, multiple 
-terminal specific IFN conjugates were prepared, utilizing L-P(EG3Glu) 
(L5k-IFN, L20k-IFN, L40k-IFN, and L80k-IFN), D-P(EG3Glu) (D20k-IFN), 
DL-P(EG3Glu) (DL20k-IFN), and PEG (PEG20k-IFN) (Fig. 1A), where the 
numerical descriptors represent the Mn of the polymers in Daltons. An 
integrated approach encompassing enzyme linked immunosorbent assay 
(ELISA), flow cytometry, and positron emission tomography-computed 

tomography (PET-CT) was adopted to comprehensively examine 
immunogenicity, pharmacokinetics, distribution, macrophage uptake, 
and complement activation behaviors of these conjugates. Concurrently, 
the in vitro and in vivo degradation of L-/DL-P(EG3Glu) were probed using 
size exclusion chromatography (SEC) and fluorescent resonance energy 
transfer (FRET). Finally, the repeat-dose toxicity of L-P(EG3Glu) and PEG 
were meticulously evaluated and subjected to close comparison. 

2. Results 

2.1. L20k-IFN and D20k-IFN provoked less anti-drug antibodies than 
DL20k-IFN and PEG20k-IFN 

L20k-IFN, D20k-IFN, DL20k-IFN, and PEG20k-IFN were prepared by 
the chemoselective native chemical ligation (NCL) (Fig. S1) and char-
acterized with sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and circular dichroism (CD) spectroscopy (Fig. 1B and 
C) [60,72]. SD rats were subcutaneously (s. c.) immunized with the 
conjugates for four times at a weekly frequency and the antisera were 
drawn 7 days after each immunization for the analysis of 
anti-IFN/anti-polymer antibodies (Fig. 1D, Fig. S2). It was found that 
anti-IFN IgM and IgG titers in the antisera of L20k-IFN on day 28 (week 
4) were 11–41 fold lower than those of DL20k-IFN and PEG20k-IFN 
antisera (Fig. 1E and F). Interestingly, the levels of anti-IFN IgM and 
IgG in the D20k-IFN antisera were similarly low to that of the L20k-IFN 
antisera (Fig. 1E and F). As far as anti-polymer IgM and IgG were con-
cerned, the L20k-IFN antisera were again the lowest among all four 
conjugates (Fig. 1G and H). For instance, the anti-polymer IgM titers of 
the L20k-IFN antisera were 81 and 163 times lower than that of 
DL20k-IFN and PEG20k-IFN, respectively (Fig. 1G). D20k-IFN appeared 
to elicit more anti-polymer IgM than L20k-IFN, but to a less degree than 
DL20k-IFN did. To study the size-dependent immunogenicity of L-P 
(EG3Glu), we generated analogous conjugates of different sizes, namely 
L5k-IFN, L20k-IFN, L40k-IFN, and L80k-IFN [73] by NCL (Fig. S3) for 
immunization. While the cellular activity and elimination half-lives 
(t1/2β) of these conjugates with L-P(EG3Glu) showed characteristic 
size-dependence (Fig. S4), interestingly, no significant difference on the 
levels of anti-IFN and anti-polymer antibodies was observed in these 
antisera (Fig. S5). 

To gain information on the recognition motifs of the anti-polymer 
antibodies, we conducted competitive ELISA by using a pool of 
selected competing reagents (Fig. 2A). Presumably, the reagents with 
the strongest competing ability would most likely resemble the epitope 
structure recognizing by the antibody. Here, oligoethylene glycol (EG) 
of different lengths and/or terminal groups were used to analyze the 
possible epitopes of anti-PEG antibodies (Fig. 2A). It was found that the 
length (or degree of polymerization, DP), rather than the terminal 
group, of the competing agents was the primary factor determining the 
competition ability. Briefly, neither EG3 nor mEG3 exhibited significant 
binding ability to anti-PEG IgG and IgM until reaching an exceedingly 
high concentration of 1.0 mg/mL (Fig. 2B and C). Competitors with a DP 
of six or larger (EG6, EG22, PEG20k, and mPEG20k) all displayed strong 
binding to anti-PEG IgG and IgM, regardless of the terminal group being 
a hydroxyl or methoxyl group (Fig. 2B and C). For the anti-DL20k an-
tibodies, it was found that they bind the monomeric D-EG3-Glu stronger 
than L-EG3-Glu (Fig. 2D and E). Among the three polymeric competitors, 
L20k and DL20k displayed the weakest and strongest binding to anti- 
DL20k antibodies, respectively (Fig. 2D and E). 

2.2. DL20k-IFN and PEG20k-IFN activated complement system upon the 
initial exposure only and anti-drug antibodies were responsible for the ABC 
effect 

To study the ABC effect upon repeated injections, antisera at desig-
nated time points were collected after the 1st and 3rd immunizations 
(Fig. 3A, ABC groups). The area under curve (AUC0.5–36h) of L20k-IFN 
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Fig. 1. L20k-IFN is consistently less immunogenic than DL20k-IFN and PEG20k-IFN. (A) Structure of the polymers used for IFN conjugation and cartoon 
illustration of the corresponding IFN conjugates highlighting the differences in polymer conformations. (B–C) 15 % SDS-PAGE (B) and CD spectra (C) of wild-type IFN 
(wt-IFN) and various polymer-IFN conjugates. (D) Scheme of the immunization regimen and antiserum collection schedule: Female SD rats (n = 5) were s. c. injected 
with L20k-IFN, D20k-IFN, DL20k-IFN, or PEG20k-IFN at a weekly dose 0.2 mg IFN/kg for 4 weeks; antisera were drawn every week starting from day 0. (E–H) The 
titers of anti-IFN IgM (E), anti-IFN IgG (F), anti-polymer IgM (G), and anti-polymer IgG (H) on day 28. ELISA protocol: for anti-IFN antibody detection, the ELISA 
plates were coated with wt-IFN; for each polymer-of-interest, the ELISA plates were coated with the corresponding polymer-eGFP conjugates [71]. After coating, 
antisera were diluted to a series of concentrations and added into the plates. The antisera were incubated in the plates at room temperature for 1 h. After washing, all 
plates were incubated with anti-rat IgG-HRP or IgM-HRP, and colored with TMB solution (CWBIO). The antibody titer was determined as the maximal diluted factor 
with a signal/noise over 2. For all the anti-polymer antibody measurements, Tween-20 was replaced with 3-((3-cholamidopropyl) 
dimethylammonium)-1-propanesulfonate (CHAPS). Data are expressed as mean ± SD (n = 5). P values are determined by t-test analysis: *P < 0.05, **P < 0.01, ***P 
< 0.001. 
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after the 1st and 3rd dose were comparable, suggesting no ABC effect. 
However, the AUC0.5–36h of DL20k-IFN and PEG20k-IFN after the 3rd 
injection were only ~26 % and 32 % relative to their 1st injections 
(Fig. 3B and Fig. S6), respectively, a clear indication of ABC effect. 

Previous studies have suggested complement activation upon injec-
tion of PEGylated LNPs [9]. For this, we measured the contents of 
sc5b-9, the terminal complement complex mutually shared by all three 
pathways of complement activation. L20k-IFN displayed no detectable 
elevation of sc5b-9, while both DL20k-IFN and PEG20k-IFN boosted the 
concentration of sc5b-9 at 0.5 h but not 3 h after the 1st injection 
(Fig. 3C). In the 3rd injection, however, sc5b-9 levels were unchanged at 
both 0.5 and 3 h for all groups (Fig. 3D). 

The ABC effect of PEGylated subjects was previously attributed to 
antidrug antibodies but very little is known about which type(s) of an-
tibodies were most responsible for the rapid elimination. For this, the 
dynamic changes of the relative antibody contents in the antisera of 
DL20k-IFN and PEG20k-IFN before (0 h) and after (0.5, 3, 9, 12 h, 24 h 
and 36 h) the 3rd injection were examined. For both conjugates, the ABC 
groups were compared with the control groups receiving only two im-
munizations (control group, Fig. 3A), which gave essentially flat or slow- 
declining “baseline” profiles of the antibody contents 7 days after the 
2nd immunizations. In contrast, significant declines in the contents of 
anti-IFN and anti-polymer IgM and IgG were clearly seen over the post 
0–36 h upon the 3rd injection of DL20k-IFN, with the anti-DL20k IgG 
exhibiting the steepest drop (Fig. 3E–H). For PEG20k-IFN after the 3rd 
injection, anti-IFN IgG (Fig. 3J) and anti-PEG IgG (Fig. 3L), but not the 
anti-IFN IgM (Fig. 3I) in the antisera displayed significant decreases. It 
should be mention that the content of anti-PEG IgM (Fig. 3K) first 
experienced an immediate spike at 0.5 h and then followed by the 
successive slow elimination over the next 36 h, and the underlying 
reason was still under investigation. 

2.3. L20k-IFN was primarily cleared from kidneys, whereas DL20k-IFN 
and PEG20k-IFN accumulated mainly in liver and spleen 

The pharmacokinetics and biodistribution of L20k-IFN, DL20k-IFN, 
and PEG20k-IFN were investigated via PET-CT imaging. The conjugates 
were labelled with zirconium-89 (89Zr), a positron-emitting radionu-
clide with a half-life of 78.4 h, using p-isothiocyanato-benzyl-desfer-
rioxamine (DFO) as a bifunctional chelator (Fig. S7). The 89Zr-labelled 
conjugates, namely 89Zr-L20k-IFN, 89Zr-DL20k-IFN, and 89Zr-PEG20k- 
IFN were injected into BALB/c mice via the tail vein route. The following 
PET imaging indicated that the three conjugates were primarily 
distributed in the blood, liver, and kidneys post injections (Fig. 4A). 
89Zr-L20k-IFN mainly cleared from circulation through renal system, 
and rapidly passed through the renal cortex to the renal medulla near 
the ureter (zoom-in of Fig. 4A). In contrast, 89Zr-DL20k-IFN and 89Zr- 
PEG20k-IFN mainly cleared from the blood through the hepatobiliary 
system, while showing less kidney accumulation. 

Time-activity curves (TAC) of heart/blood, liver, and kidneys were 
drawn according to the radioactive signals of region-of-interest (ROI) in 
PET imaging (Fig. 4B–D). Of note, due to the small thickness of spleen 
and the high radioactivity in liver and kidneys, outlining the spleen to 
calculate the spleen signal was not practical. The elimination half-lives 
(t1/2β) of 89Zr-L20k-IFN, 89Zr-DL20k-IFN, and 89Zr-PEG20k-IFN were 
calculated based on the TAC of heart/blood and determined as 8.4 ±
1.6, 4.4 ± 1.2, and 10.1 ± 0.9 h, respectively (Fig. 4B). The t1/2β trend of 
different conjugates generally agreed well with our previous reported 
results based on ELISA [60]. No statistical significance (P = 0.108) was 
found for the t1/2β of 89Zr-L20k-IFN and 89Zr-PEG20k-IFN (Fig. 4B). 
TACs of the liver revealed that 89Zr-DL20k-IFN has notably higher liver 
uptake than those of both 89Zr-L20k-IFN and 89Zr-PEG20k-IFN 
(P***<0.0001, Fig. 4C). This rapid and high accumulation of 
89Zr-DL20k-IFN in the liver substantially lowered its concentration in 

Fig. 2. Competitive ELISA revealed information on the recognition motifs of anti-PEG and anti-DL20k antibodies. (A) Schematic illustration of the principle of the 
competitive ELISA and structure of competitors. In brief, the ELISA plates were coated with either PEG20k-eGFP or DL20k-eGFP to bind anti-PEG or anti-DL20k 
antibodies in the antisera, respectively. Antisera were diluted with buffers containing selected competing reagents for incubation. After washing, all plates were 
incubated with anti-rat IgG-HRP or IgM-HRP, and colored with TMB solution (CWBIO). (B–C) Concentration-dependent changes of anti-PEG (B) IgM and (C) IgG 
ELSIA signals with various competitors. (D–E) Concentration-dependent changes of anti-DL20k (D) IgM and (E) IgG ELSIA signals with the addition of various 
competitors. Data are expressed as mean ± SD (n = 5). P values are determined by two-way ANOVA (Bonferroni post-test) analysis: *P < 0.05, **P < 0.01, ***P 
< 0.001. 
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the blood, leading to a shorter t1/2β than those of the other two conju-
gates (Fig. 4B, P = 0.0063 for 89Zr-PEG20k-IFN, and 0.0003 for 
89Zr-L20k-IFN). The kidney uptake of 89Zr-L20k-IFN was significantly 
higher than those of 89Zr-DL20k-IFN and 89Zr-PEG20k-IFN 
(P***<0.0001). The signal of 89Zr-L20k-IFN in the kidneys reached the 
apex at about 9 h post the injection, then gradually declined in the 
following 87 h (Fig. 4D). Different from 89Zr-L20k-IFN, 89Zr-PEG20-
k-IFN showed a slow accumulation trend in the kidneys, which may be 
related to its greater hydrodynamic size (Fig. S8). 

Following PET-CT scans, the mice were sacrificed 124 h post injec-
tion to collect major organs for radioactivity measurement to charac-
terize the accumulation of the conjugates in specific tissues (Fig. 4E). In 
consistent with the PET-CT images, 89Zr-DL20k-IFN and 89Zr-PEG20k- 
IFN were found to accumulate 110 % and 85.8 % injected dose per gram 
(ID/g) of the liver, whereas 89Zr-L20k-IFN was merely 33.6 % ID/g 
(P*** = 0.0002). Interestingly, 89Zr-DL20k-IFN and 89Zr-PEG20k-IFN 
were found to accumulate also in spleen at a significantly higher level 
than 89Zr-L20k-IFN (P*** = 0.0008), with 89Zr-PEG20k-IFN reached 
100 % ID/g, the highest among the three conjugates studied. 

2.4. L20k-IFN was less internalized by macrophages as compared with 
DL20k-IFN and PEG20k-IFN 

Macrophages were known to play important roles in PEG immuno-
genicity [9]. To examine the interaction of the conjugates with macro-
phages, L20k-IFN, DL20k-IFN, and PEG20k-IFN were site-specifically 
labelled with a red-fluorescent dye Cy5 via the thiol-maleimide chem-
istry, and incubated with mouse macrophages RAW264.7 in vitro. Flow 
cytometry analysis showed the least internalization of L20k-IFN by 
RAW264.7 (Fig. 5A and Fig. S9). Furthermore, incubation of L20k-IFN 
with RAW264.7 stimulated undetectable interleukin-6 (IL-6) and low 
levels of tumor necrosis factor-α (TNF-α) in the cell medium, ~8 and 

7.5-fold lower as compared to those found for DL20k-IFN or PEG20k-IFN 
(Fig. 5B and C). 

2.5. L-P(EG3Glu) was more resistant to proteolytic digestion than DL-P 
(EG3Glu) in vitro and in vivo 

The degradability of polypeptides may play a role in determining the 
biodistribution and immunogenicity. For this, the degradation of L-P 
(EG3Glu) and DL-P(EG3Glu) under different in vitro and in vivo conditions 
were investigated based on the principle of FRET. To ensure a satisfac-
tory FRET signal, 10 kDa instead of 20 kDa was selected for both poly-
peptides. As shown in Fig. 6A, the N- and C-termini of two polypeptides 
were labelled with Cy5 and Cy5.5, which were termed as Cy5-L10k- 
Cy5.5 and Cy5-DL10k-Cy5.5, respectively (Fig. S10). The in vitro pro-
teolytic degradation ratio of Cy5-L10k-Cy5.5 in fresh mouse serum, 
which can be revealed from the reduction in FRET efficiency (formula 
provided in Fig. 6A), was found to be ~5 % after 120 h incubation at 
37 ◦C, whereas ~15 % degradation was detected for Cy5-DL10k-Cy5.5 
under the same condition (Fig. 6B). The slower degradation of Cy5- 
L10k-Cy5.5 was also observed in milieu extracted from the lysosomes 
of RAW264.7 cells (Fig. 6C). To understand this degradation result, the 
solvent exposure level of the peptide bonds of DL- and L-P(EG3Glu) was 
measured with 1H NMR spectroscopy. By dissolving DL-P(EG3Glu) and L- 
P(EG3Glu) into D2O, 1H NMR spectroscopy gave a considerably faster H- 
D exchange rate of the peptide amide hydrogen (N–H) for the racemic 
polypeptide over the enantiomeric pure polypeptide (Fig. 6D), sug-
gesting greater solvent-exposure of the backbone for DL-P(EG3Glu). 

Next, Cy5-L10k-Cy5.5 and Cy5-DL10k-Cy5.5 were intravenously 
injected into healthy BALB/c mice to examine their degradation in vivo. 
The fluorescence of both polymers was almost undetectable in the serum 
soon after the injection, and thus unable to determine their half-life. 
After sacrificing the mice to collect organs at different time points 

Fig. 3. ABC effect of DL20k-IFN and PEG20k-IFN. (A) Scheme of the immunization regimen and serum collection schedule for the ABC groups and control groups. 
Female SD rats were s. c. injected with various conjugates for 2 (control groups, n = 5 for each group) or 3 (ABC groups, n = 5 for each group) times at a weekly dose 
of 0.2 mg/kg; sera were drawn from the rats at selected time points after the 1st (day 0) and 3rd (day 14) doses. (B) Comparison of the AUC0.5–36h of the 1st and 3rd 
doses of each IFN conjugate (ABC group). (C–D) Sc5b-9 contents in the antisera (C) 0.5 h and (D) 3 h after the 1st and 3rd immunizations (ABC group), respectively. 
(E–L) The dynamic change of the relative contents of anti-IFN and anti-polymer antibodies after the 3rd injection of (E–H) DL-20 k-IFN or (I–L) PEG20k-IFN in the 
antisera of the ABC groups, as compared with those in the control groups (receiving only two injections). Data are expressed as mean ± SD (n = 5). P values are 
determined by t-test analysis for Fig. 3B–D or two-way ANOVA (Bonferroni post-test) analysis for Fig. 3E–L: *P < 0.05, **P < 0.01, ***P < 0.001. 
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Fig. 4. Biodistribution of L20k-IFN, DL20k-IFN, and PEG20k-IFN revealed by PET-CT imaging and radioactivity measurement. (A) In vivo PET-CT images at different 
time points post injections. Zoom-in photos are the representative regions showing the signals of liver and kidneys 72 h post injection. (B–D) Time-lapsed radioactive 
signals in different organs (B: heart; C: liver; D: kidney). (E) Relative radio activities normalized with the weight of organs at 124 h post injections of the conjugates. 
The 89Zr-labelled conjugates were injected into BALB/c mice (n = 4) via the tail vein. Data are expressed as mean ± SD (n = 4). P values are determined by two-way 
ANOVA (Bonferroni post-test) analysis for Fig. 4B–D or t-test analysis for Fig. 4E: *P < 0.05, **P < 0.01, ***P < 0.001. 

Fig. 5. Macrophage uptake and stimulation of Cy5-labelled conjugates in vitro. (A) In vitro macrophage (RAW264.7) uptake of Cy5-labelled conjugates 
characterized by flow cytometry. (B–C) In vitro macrophage (RAW264.7) activation by measuring the secretion of (B) IL-6 and (C) TNF-α. Data are expressed as mean 
± SD (n = 3). P values are determined by t-test analysis: *P < 0.05, **P < 0.01, ***P < 0.001. 
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Fig. 6. Degradation and clearance of L-P(EG3Glu) and DL-P(EG3Glu) in vivo and in vitro. (A) Schematic illustration of polymer degradation monitored with changes of 
FRET efficiency. (B–C) In vitro degradation ratios of Cy5-L10k-Cy5.5 and Cy5-DL10k-Cy5.5 in (B) fresh mouse serum and (C) extracted lysosome milieu of RAW 
264.7 cells. (D) Characterization of the hydrogen-deuterium exchange rates of the backbone N–H of L20k and DL20k using 1H NMR spectroscopy. (E) In vivo dis-
tribution of Cy5-L10k-Cy5.5 and Cy5-DL10k-Cy5.5 in the major organs 12 h after injection (n = 3 for each group). (F) In vivo degradation kinetics of Cy5-L10k-Cy5.5 
and Cy5-DL10k-Cy5.5 in the liver and kidneys, respectively. BALB/c mice (n = 3 for each group) were injected with in the tail vein; after 8 or 16 h, the liver and 
kidneys were extracted, and homogenized with ultrasonication and lysis; the Cy5 and Cy5.5 fluorescence signal of the tissue extracts was detected with a microplate 
reader to calculate the FRET efficiency. (FRET channel: excitation at 640 nm, emission at 710 nm; Cy5 channel: excitation at 640 nm, emission at 680 nm; Cy5.5 
channel: excitation at 670 nm, emission at 710 nm). Data are expressed as mean ± SD (n = 3). P values are determined by two-way ANOVA (Bonferroni post-test) 
analysis for B, C, and F or t-test analysis for E: *P < 0.05, **P < 0.01, ***P < 0.001. 

Fig. 7. Repeat-dose toxicity of L-P(EG3Glu) and PEG. (A) Change of body weight over 12 weeks for the rats receiving PBS, L-P(EG3Glu), or PEG. (B–C) Comparison 
of (B) body weights and (C) H&E-stained sections of major organs of the rats receiving PBS, L-P(EG3Glu), or PEG for 12 weeks. PBS, L-P(EG3Glu), or PEG with 
different Mn were injected into SD rats via the tail vein at a weekly dose of 200 mg/kg repeating for 12 weeks. Data are expressed as mean ± SD (n = 4). 
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after administration, the remaining polymers were found to majorly 
accumulate in kidneys and liver as indicated by both the FRET and Cy5 
signals in the tissue extracts (Fig. 6E and S11). The overall Cy5.5 and 
Cy5 intensities of L10k in the liver and kidneys were lower than those of 
DL10k, suggesting a faster in vivo clearance of Cy5-L10k-Cy5.5. The 
FRET efficiency of Cy5-L10k-Cy5.5 in the homogenized tissue extracts 
was higher than that of Cy5-DL10k-Cy5.5 group (Fig. 6F), echoing the 
previous in vitro finding of slower degradation of L-P(EG3Glu) than DL-P 
(EG3Glu). Both polymers showed greater degradation in the kidneys 
than in the liver as implied by the FRET efficiency (Fig. 6F). 

2.6. L-P(EG3Glu) was less toxic than PEG after repeated doses 

The repeat-dose toxicity of L-P(EG3Glu)n and PEG was examined in 
SD rats. Briefly, PBS, L-P(EG3Glu)n and mPEG of 20 and 40 kDa (termed 
as L20k, L40k, PEG20k, and PEG40k, respectively) were individually 
injected into SD rats via the tail vein at a weekly dose of 200 mg/kg for 
totally 12 weeks. No death nor significant differences in body weight 
were observed for all groups throughout the entire period of study 
(Fig. 7A). Examination on the organ weights and blood biochemical 
indexes showed no sign of liver or kidney dysfunction for rats receiving 
either L-P(EG3Glu)n or PEG one week after the last administration 
(Fig. 7B and S12). Immunohistochemistry of the hematoxylin-eosin 
(H&E)-stained sections of major organs, however, indicated that 
PEG20k and PEG40k caused significant vacuolation in the kidneys and 
spleen (Fig. 7C), which has been well-documented in both literatures 
[13,30]. In contrast, no organ damages were found for both L20k and 
L40k. 

3. Discussion 

In line with the FDA’s 2014 guideline on “Immunogenicity Assess-
ment for Therapeutic Protein Products,” concerns about PEG immuno-
genicity intensified following the emergency use authorization of 
COVID-19 PEG-LNP/mRNA vaccines [16]. The widespread use of 
these vaccines has raised awareness of PEG immunogenicity, particu-
larly in relation to potential cross-reactivity with preexisting, or boosted 
anti-PEG antibodies. Notably, failures like pegnivacogen’s Phase 3 trial 
due to severe allergic reactions linked to preexisting anti-PEG antibodies 
[18,74], and the substantial difference in PEG dose between PEGylated 
proteins and PEG-LNP/mRNA vaccines (Krystexxa® for example, is 
~200 times to that in the PEG-LNP/mRNA vaccine) [75,76], have fueled 
these concerns. 

Past studies suggested initial immune responses to PEGylated sub-
stances primarily occurred in the spleen, generating anti-PEG IgM [9, 
20]. Subsequent repeated injections led to anti-PEG IgM binding to 
PEGylated objects, triggering complement activation and Kupffer cell 
(macrophage) engulfment in the liver. Usually, macrophages release 
cytokines to activate dendritic cells, promote antigen presentation, and 
recruit T cells to trigger adaptive immune responses. At this stage, the 
subtype of anti-PEG antibodies typically switches from IgM to IgG in a 
T-cell dependent manner. Notably, potential antibody-independent 
complement activation pathways have also been hypothesized, 
possibly contributing to hypersensitivity reactions [19]. 

Our findings showed that PEG20k-IFN was predominantly cleared 
through the liver and strongly accumulated in the spleen (Fig. 4). The in 
vitro uptake of PEG20k-IFN by RAW264.7 cells and subsequent secretion 
of proinflammatory cytokines such as IL6 and TNFα suggested an 
important role of macrophages on the origin of PEG immunogenicity 
(Fig. 5). Notably, IgM-independent complement activation by PEG20k- 
IFN occurred primarily during the first exposure, similar to the first- 
dose complement activation in clinical studies of pegnivacogen [18]. 
On the role of different antibody isotypes on the ABC effect, while Mima 
et al. emphasized the contribution of anti-PEG IgM [77], our results and 
other (pre)clinical studies argued anti-PEG IgG [18,76,78]. For this 
seeming “discrepancy”, the timing of examination might matter: Mima 

et al. examined the ABC effect in the second injection [77], at which 
point only anti-PEG IgM was presented whereas anti-PEG IgG was yet to 
be produced; we examined the ABC effect in the third injection when 
both anti-IFN and anti-PEG IgG were largely generated. 

DL20k-IFN showed distribution, clearance patterns, macrophage 
uptake, and ABC effect largely similar to PEG20k-IFN, suggesting shared 
elimination pathways and immune response mechanisms (Fig. 4). In 
contrast, L20k-IFN exhibited distinct distribution due to its smaller hy-
drodynamic size (Fig. S8), resulting from the folded helical conforma-
tion of L-P(EG3Glu). This slow but predominant renal clearance route of 
L20k-IFN, rather than rapid liver and spleen accumulation (Fig. 8A), 
leading to lower immunogenicity and prolonged half-life. 

Surprisingly, L-P(EG3Glu) exhibited slower degradation than DL-P 
(EG3Glu), possibly due to its highly folded conformation and dense side 
groups (Fig. 6). This feature likely provided proteolytic stability for long 
circulation (Fig. 4A) and minimized immune system attacks by inhib-
iting antigen digestion, processing, and presenting [67,79]. Once L20K 
was detached from L20K-IFN, the folded helical conformation and 
stealthy ability of L20K allowed for quicker clearance as a whole rather 
than fragments out of the body (Fig. 6E). In contrast, the flexible 
conformation and quicker degradation of DL-P(EG3Glu) produced anti-
genic peptidic fragments, stimulating a strong immune response 
(Fig. 8B). The number of repeating units of EG appeared to be critical as 
similar length-dependent immunogenicity of EG side chains was previ-
ously reported by Chilkoti group [31]. L-P(EG3Glu)’s intrinsic biocom-
patibility also contributed to its lower immunogenicity and reduced 
toxicity compared to PEG during prolonged administrations (Fig. 7). 

4. Conclusions 

In summary, our findings highlight the exceptional biocompatibility 
of L-P(EG3Glu), rendering it nearly “invisible” to the immune system’s 
response, including complement proteins, macrophages, spleen, and 
liver interactions. As a result, protein conjugates utilizing L-P(EG3Glu) 
exhibit remarkably low immunogenicity. In comparison to conventional 
PEG, L-P(EG3Glu) demonstrates reduced immunogenicity due to the 
compact EG3 side chains forming an effective stealth outer layer, while 
being too short to elicit anti-PEG antibodies. Moreover, when compared 
to DL-P(EG3Glu), the improved proteolytic stability of L-P(EG3Glu) con-
tributes to prolonged circulation of L20K-IFN in the bloodstream, 
minimizing premature exposure of antigenic fragments to the immune 
system. Although the helical conformation of L-P(EG3Glu) renders the 
polymer and related protein conjugates with relatively smaller hydro-
dynamic sizes, a seemingly unfavorable parameter, it in fact gives rise to 
intermediate renal clearance rate, and consequently, higher safety and 
lower immunogenicity. Furthermore, our research indicates that both 
anti-IFN and anti-PEG IgG antibodies play a more significant role in the 
ABC phenomenon of PEG20k-IFN compared to the IgM isotypes. This 
comprehensive study provides robust nonclinical evidence, firmly 
endorsing the utilization of L-P(EG3Glu) for protein conjugation pur-
poses. We are optimistic that L-P(EG3Glu) holds substantial potential in 
applications such as lipid nanoparticle (LNP) and other nanomedicine 
formulations in the future. The insights and knowledge derived from this 
investigation offer fundamental guidance, which could facilitate the 
clinical translation of next-generation polymer-protein conjugates. 
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